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Introduction {#sec001}
============

The Centers for Disease Control estimates that between 836,000 and 2.5 million people in the U.S. suffer from myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) \[[@pone.0145453.ref001]\], resulting in substantial disability \[[@pone.0145453.ref002]\] and significant socio-economic impact \[[@pone.0145453.ref003],[@pone.0145453.ref004]\]. ME/CFS is a complex disorder that has been associated with neuro-inflammatory and oxidative processes \[[@pone.0145453.ref005]\]. One current model of disease suggests that a trigger event (e.g. infection) results in a chronic inflammatory state characterized by increased proinflammatory cytokine production, increased reactive oxygen and nitrogen species, altered intracellular signaling, increased intestinal permeability and systemic activation of innate immune receptors, altered glutaminergic and dopaminergic neurotransmission, mitochondrial dysfunction, and aberrant autoimmune responses \[[@pone.0145453.ref006]--[@pone.0145453.ref011]\]. These pathogenic processes appear to be self-sustaining and self-amplifying and account for the characteristic symptoms of ME/CFS and other systemic disorders characterized by central and peripheral fatigue \[[@pone.0145453.ref005],[@pone.0145453.ref009]\]. Despite recent advances in understanding the biochemical underpinnings of disease, diagnosis continues to rely on clinical presentation \[[@pone.0145453.ref012]\]. Guidelines established in 1994 by Fukuda et al as part of the International Chronic Fatigue Syndrome Study Group define CFS as clinically evaluated, unexplained, persistent fatigue that is not alleviated by rest that occurs in conjunction with four or more characteristic symptoms, including impaired memory or concentration, sore throat, tender lymph nodes, muscle or joint pain in the absence of redness or swelling, headaches, unrefreshing sleep, and post-exertional malaise (PEM) lasting more than 24 hours, persisting or recurring over 6 or more consecutive months of illness \[[@pone.0145453.ref013]\]. However, not all patients experience the same symptoms indicating the existence of ME/CFS subgroups. For example, subgroups based on the presence or absence of gastrointestinal symptoms \[[@pone.0145453.ref014]\] and post-exertional malaise \[[@pone.0145453.ref015]\] has been described.

In particular, post-exertional malaise has emerged as a distinguishing feature of ME/CFS. It is described as significant worsening of several symptoms following physical and mental exertion. Post-exertional malaise has been associated with abnormal neurovascular regulation \[[@pone.0145453.ref016]\] and altered immune and metabolic response to aerobic exercise \[[@pone.0145453.ref017]--[@pone.0145453.ref019]\]. Variability in symptom constellation and severity over time make ME/CFS patients a heterogeneous population and several studies have failed to detect differences between patients and controls at baseline \[[@pone.0145453.ref017],[@pone.0145453.ref018],[@pone.0145453.ref020]\]. As such, exercise challenge in those suffering from PEM may serve as a useful tool for exacerbating symptoms in a controlled setting to attempt to calibrate symptom constellation and severity across the patient group and to uncover potential differences between patients and controls that might not be apparent at rest. Characterization of the gut microbiome in patients with ME/CFS has demonstrated significant alterations compared to healthy controls \[[@pone.0145453.ref021],[@pone.0145453.ref022]\]. Additionally, systemic antibody responses to enteric microorganisms have been shown to occur in patients with ME/CFS, suggesting that increased intestinal permeability and bacterial translocation across the intestinal barrier may result in further inflammation and contribute to ME/CFS symptoms \[[@pone.0145453.ref009],[@pone.0145453.ref023],[@pone.0145453.ref024]\]. IgA antibody responses to enteric bacteria in ME/CFS patients have to date been associated with higher serum IL-1, TNFα, and neopterin levels, autoimmune responses to serotonin, and increased symptoms of irritable bowel syndrome \[[@pone.0145453.ref025],[@pone.0145453.ref026]\]. We hypothesized that the ecology of the gut microbiota of ME/CFS patients would differ from that of matched healthy controls and that these differences would be associated with increased bacterial translocation from the gut to the circulatory system following exercise challenge with corresponding worsening of symptoms (i.e, pain, fatigue, and mood). The results presented here add further to the previous findings suggesting that ME/CFS patients have an altered gut microbiome and further suggest that increased bacterial translocation following exercise provides a potential explanation for the profound post-exertional malaise experienced by some ME/CFS patients.

Methods {#sec002}
=======

Study Subjects {#sec003}
--------------

We enrolled 10 ME/CFS patients and 10 healthy controls from the Madison and Marshfield, WI areas from 122 potential subjects responding to study advertisements in local clinics. We were able to reach 104 subjects by phone for screening, 45 of whom did not qualify. By phone, 13 potential patients and 46 potential controls were identified. We enrolled 10 ME/CFS patients and 10 healthy controls from this group for the microbiome study. All patients met the ME/CFS case definition criteria established by Fukuda et al in 1994 \[[@pone.0145453.ref013]\]. The control group was comprised of healthy people who had no persistent complaints of fatigue. Patients and controls were matched based on age, gender, BMI, and self-reported general activity patterns. Subject age ranged between 20 and 60 years. Each subject gave written consent in an IRB approved consent form to participate in the study. This study was approved by Marshfield Clinic and University of Wisconsin---Madison Institutional Review Boards.

Inclusion and Exclusion Criteria {#sec004}
--------------------------------

Standard medical history was reviewed and a physical exam was conducted for each subject to rule out any major illnesses other than ME/CFS. Routine blood and urine chemistry tests were also used to screen for exclusionary medical conditions or other conditions that may explain the patients' symptoms. Exclusionary conditions included untreated hypothyroidism, sleep disorders, side effects of medication, relapsing of past medical issues (e.g. Lyme disease, hepatitis B or C), major psychiatric issues, including major depressive disorder with psychotic or melancholic features, alcohol or other substance abuse within two years of the onset of ME/CFS, and severe obesity as defined by a body mass index (BMI) of greater than 40 kg/m^2^. Potential participants were also excluded if they had: 1) current use of immunomodulatory medications, stool softeners, laxatives, anti-diarrheal agents, antibiotics, or probiotics, 2) current use of opioids, 3) a history of cardiovascular disease or uncontrolled hypertension, or 4) current fatigue sufficient to interfere with or preclude exercise testing. Patients were asked to confirm the absence of exclusionary medications on the day of testing and to list other current medication use. Although we did not explicitly exclude for low-dose antidepressant use, gastrointestinal disease, or smoking, which could influence gut flora, none of the participants were currently taking this class of medication, reported any gastrointestinal disorder, or were smokers. Further, none of the participants were diagnosed with depression.

After completion of informed consent, study subjects underwent four non-consecutive days of testing at the Exercise Psychology laboratory at the University of Wisconsin---Madison. Day 1 included a clinical interview and screening blood draw. Day 2 occurred approximately one week later and involved pre-exercise symptom assessment, stool sample collection, maximal exercise test, post-exercise symptom assessment, and blood draws. Expired gases, heart rate, and ratings of perceived exertion and leg muscle pain were collected during exercise and recovery. Participants returned to the laboratory at 48 and 72 hours after exercise to complete self-report symptom questionnaires and provide follow-up stool and blood samples.

Exercise Test {#sec005}
-------------

Participants performed a maximal exercise test on an electronically braked cycle ergometer (Sensormedics, Loma Linda, CA) following the protocol previously described by Cook et al \[[@pone.0145453.ref027]\]. Seat height was adjusted prior to exercise to the desired fit of the participant. Resistance was software-controlled (Sensormedics, Loma Linda, CA) via an interface cable from a computer to the ergometer. Participants were seated on the stationary bicycle for 1 minute of quiet rest to acquaint themselves to breathing through the mouthpiece and the overall setup. Exercise began with a 3-minute warm-up at 25 Watts (W). Participants were instructed to maintain a pedal rate between 60 and 70 revolutions per minute (RPM) throughout the test. After the warm-up period the work rate was increased by 5 W every 20 seconds (15 W/min) until volitional exhaustion. The exercise test ended when either, 1) the participant could no longer keep up the pedal rate of 60--70 RPMs, 2) the participant stopped pedaling, or 3) some other factor caused us to stop the test (e.g. testing became unsafe for the participant, equipment malfunction). Peak effort was determined based on meeting at least two of the following criteria: 1) respiratory exchange ratio ≥ 1.1, 2) achievement of 85% of age-predicted maximum heart rate, 3) rating of perceived exertion (RPE) ≥ 17, and 4) a change in VO~2~ of \<200 ml with an increase in work. Following peak effort, the workload was reduced to 20 W and the participant underwent a three-minute active recovery phase maintaining the pedal rate of 60--70 RPM. After the three-minute recovery period, the participants were provided water *ad libitum*. Participants were guided to a reclined chair for continued recovery. Blood was drawn at 15 minutes post peak effort and immediately followed by questionnaire completion.

Symptom Assessment {#sec006}
------------------

On day 1, participants completed the Centers for Disease Control Symptom Inventory \[[@pone.0145453.ref028]\] to document the presence, frequency, and severity of the symptoms most commonly reported by ME/CFS patients. On day 1 and all subsequent days, participants completed the 1) McGill Pain Questionnaire---short-form (MPQ) \[[@pone.0145453.ref029]\], 2) Profile of Mood States (POMS) \[[@pone.0145453.ref030]\], 3) Fatigue Visual Analog Scale (FVAS) \[[@pone.0145453.ref031]\], and the 4) Multidimensional Fatigue Inventory (MFI) \[[@pone.0145453.ref032]\] both before and immediately, 48-hrs, and 72-hrs post exercise.

Sample Collection {#sec007}
-----------------

A total of 80 blood samples (four per subject) were collected in PAXgene blood DNA collection tubes (Qiagen) and 60 stool samples (three per subject) were collected separately in single use, disposable, Protocult collection hats followed by self-transference to a 100 ml sterile capped container (abcinc.org). Blood samples were collected at baseline (pre-exercise) and 15 minutes, 48 hours, and 72 hours post-exercise. Stool samples were collected at baseline (pre-exercise) and 48 and 72 hours post-exercise. After collection, stool samples were immediately stored in a freezer at -20°C or on dry ice before being transferred to an additional freezer for long-term storage at -80°C. Frozen samples were sent for laboratory processing on dry ice.

Molecular Methods {#sec008}
-----------------

Total genomic DNA was extracted from each clinical sample using the QIAamp DNA Blood Mini Kit, Qiagen, Valencia, CA for blood samples and QIAamp DNA Stool Mini Kit (Qiagen) for stool samples. All DNA samples were quantified using the Qubit DSDNA HS assay kit (Life Technologies, Grand Island, NY) and stored at -80°C until use. All barcoded primers were designed using Roche's User manual for the 454 sequencing platform and synthesized by Integrated DNA Technologies (Ames, IA). DNA Samples were amplified using a mixture of barcoded 27F forward primers in a 4:1:1:1 ratio (27f-YM:27f-Bif:27f-Bor:27f-Chl) and reverse primer 534R \[[@pone.0145453.ref033]\]. The 40 μl PCR mixture consisted of 20 pmol forward and reverse primers, 40 μg bovine serum albumin, 20 μl Hot Start mixture, and 2 μl template DNA. The PCR was done in a PE9700 thermocycler (Applied Biosystems, Waltham, MA) with 25 cycles for the stool samples and 40 cycles for the blood samples. Cycling conditions were as follows: initial denaturation at 95°C for 15 min followed by the number of cycles described above (25 or 40) of denaturation at 94°C for 30 seconds, annealing at 60°C for 30 seconds, and elongation at 72°C for 40 seconds, with a final elongation time of 10 minutes. Each amplicon was normalized to 20 ng/μl using the SequalPrep Normalization Kit (Life Technologies, Grand Island, NY). Amplicons were sequenced using the 454 GS FLX+ system using Titanium chemistry (Roche, Branford, CT).

DNA Sequence Analysis {#sec009}
---------------------

Polishing and bioinformatic analysis of 16S sequences was performed as previously described \[[@pone.0145453.ref034]--[@pone.0145453.ref037]\]. In brief, all pyrosequences were screened for nucleotide quality and sequences with bases at 5' and 3' ends with mean Q \< 20 over a 10 nucleotide window, ambiguous bases with any N residues, or shorter than minimum length (\< 300 nucleotides) were discarded. Chimera screening was performed using the *ChimeraSlayer* tool, which requires that sequences be previously aligned with *NAST-iEr* (Hass BJ 2011). Putative chimeras and other sequences that could not be aligned by *NAST-iEr* were removed from subsequent analyses. Genus-level taxonomic calls were produced by the *RDP Classifier* \[[@pone.0145453.ref038]\], which performs naïve Bayesian taxonomic classification versus a training set. Operational taxonomic units (OTUs) were produced by clustering sequences with identical taxonomic assignments. Relative abundances of OTUs were calculated for each subject by dividing the sequence counts observed for each OTU by the total number of high-quality bacterial sequences generated for the subject. Good's coverage index was calculated for each sample using the Explicet software package \[[@pone.0145453.ref039]\].

Statistical Analysis {#sec010}
--------------------

Independent samples t-tests were used to determine group differences at baseline and during exercise. A two group (ME/CFS and control) X 3 time (immediately post, 48-hrs post, and 72-hrs post) doubly-multivariate repeated measures MANOVA was used to analyze symptom changes (i.e. post-exertional malaise (PEM)) from baseline. The overall MANOVA compared the groups on a linear combination of symptom variables. This analysis was used to determine the presence of PEM in our ME/CFS participants and is similar to the approach taken previously by our lab \[[@pone.0145453.ref018]\]. In brief, we chose variables *a priori* to be entered into the model. Variable selection was based on three conditions: 1) the variables were not highly related, 2) they discriminated between patients and controls, and 3) they were responsive to exercise. These choices were made to avoid issues of multicollinearity and artificial inflation of variance explained by the model. With this model we are able to determine whether symptoms are changing over time (i.e. time main effect), whether they differ between ME/CFS and control patients (i.e. group main effect), and whether the changes in symptoms over time differ between the groups (i.e. group X time interaction). In addition to this omnibus test for PEM, we also calculated effect sizes (d) \[[@pone.0145453.ref040]\] to illustrate the magnitude of each symptom change post-exercise. These analyses were conducted using SPSS for Windows (Version 22.0, Chicago, IL).

We hypothesized that changes in relative abundances of bacterial OTUs in blood samples from baseline to post-exercise challenge would differ between ME/CFS patients and healthy controls. To test this hypothesis for each taxonomic group, we calculated the difference between the pre-exercise OTU relative abundances and the average of the 48 hour and 72 hour post-exercise counts for each individual. The change in sequence read counts was compared between patients at ten taxonomic groups using four different statistical tests: (i) a T-test using 10,000 permutations to obtain P-values to evaluate the significance of the mean differences in count change between patients and controls; (ii) to evaluate the difference in variances (of change in sequence reads) between patients and controls, an F-test was performed, also with 10,000 permutations for the P-values and to compare distribution differences between patients and controls, both (iii) a nonparametric Kolmogorov-Smirnov test was performed (no permutations) and a (iv) Mann-Whitney U test with 10,000 permutations. These analyses were performed using the XLISP-STAT programming language for the permutation routines and Mathematica for the calculation of the Kolmogorov-Smirnov test.

Results {#sec011}
=======

Phenotypic Characteristics {#sec012}
--------------------------

The phenotypic characteristics and fatigue measurements of patients and controls at baseline are presented in [Table 1](#pone.0145453.t001){ref-type="table"}. Age, weight, and height were similar for patients and healthy controls and 80% of subjects were female in both groups. The patient group had greater fatigue, less vigor, and scored more poorly on mood symptoms than controls at baseline (p\<0.05). Particularly germane to this study, only 3 of the 10 patients and 2 of the 10 controls reported gastrointestinal symptoms and all participants reported mild severity and symptoms present "a little of the time." All subjects completed a maximal exercise test as described above with results presented in [Table 2](#pone.0145453.t002){ref-type="table"}. Results of maximal exercise testing were similar between the two groups, except that average heart rate was significantly lower in the ME/CFS case group than in the healthy control group.

10.1371/journal.pone.0145453.t001

###### Baseline Characteristics of ME/CFS Patients (n = 10) and Healthy Controls (n = 10).

![](pone.0145453.t001){#pone.0145453.t001g}

  Characteristics                                       ME/CFS Patients, mean (± SD)                            Controls, mean (± SD)
  ----------------------------------------------------- ------------------------------------------------------- -----------------------
  **Age (yrs)**                                         48.6 (± 10.5)                                           46.5 (± 13.0)
  **Height (in)**                                       66.6 (± 3.7)                                            64.4 (± 4.1)
  **Weight (lbs)**                                      150.7 (± 30.3)                                          144.3 (± 18.3)
  **BMI (kg/m** ^**2**^ **)**                           23.9 (±4.3)                                             24.6 (± 3.3)
  **Multidimensional Fatigue Inventory (MFI) Scores**                                                           
  General                                               14.6 (± 1.1) [^a^](#t001fn002){ref-type="table-fn"}     10.3 (± 1.9)
  Physical                                              15.4 (± 4.0) [^a^](#t001fn002){ref-type="table-fn"}     6.8 (± 2.7)
  Reduced Activity                                      14.0 (± 5.3) [^a^](#t001fn002){ref-type="table-fn"}     7.6 (± 3.4)
  Reduced Motivation                                    9.4 (± 2.3) [^a^](#t001fn002){ref-type="table-fn"}      6.3 (± 2.9)
  Mental                                                14.5 (± 3.4) [^a^](#t001fn002){ref-type="table-fn"}     7.6 (± 3.4)
  **Profile of Mood States (POMS) Scores**                                                                      
  Tension                                               7.5 (± 4.6)                                             4.4 (± 3.5)
  Depression                                            7.5 (± 10.5)                                            5.2 (± 9.1)
  Anger                                                 4.8 (± 7.2)                                             3.4 (± 4.7)
  Vigor                                                 8.6 (± 3.4) [^a^](#t001fn002){ref-type="table-fn"}      18.9 (± 4.9)
  Fatigue                                               14.5 (± 4.8) [^a^](#t001fn002){ref-type="table-fn"}     4.8 (± 6.0)
  Confusion                                             9.1 (± 3.6) [^a^](#t001fn002){ref-type="table-fn"}      4.7 (± 4.6)
  Total Mood Disturbance                                134.8 (± 25.6) [^a^](#t001fn002){ref-type="table-fn"}   103.6 (± 28.7)
  **McGill Pain Questionnaire**                         6.8 (± 5.8)                                             2.5 (± 5.2)
  **CDC Symptom Inventory: Abdominal Symptoms**                                                                 
  Diarrhea                                              0.6 (± 1.0)                                             0.3 (± 0.7)
  Stomach/Abdominal Pain                                1.1 (± 2.1)                                             0.0
  **CDC Symptom Inventory: Neurocognitive Symptoms**                                                            
  Memory Problems                                       4.0 (± 3.0)                                             0.2 (± 0.7)
  Concentration Problems                                4.7 (± 2.8)                                             0.5 (± 1.6)

ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome; SD, standard deviation.

^a^ Significantly different from control (*p* \< 0.05)

10.1371/journal.pone.0145453.t002

###### Maximal Exercise Test Results for ME/CFS Patients (n = 10) and Health Controls (n = 10).

![](pone.0145453.t002){#pone.0145453.t002g}

  Results at Peak Exercise        ME/CFS Patients, mean (± SD)                            Controls, mean (± SD)
  ------------------------------- ------------------------------------------------------- -----------------------
  VO~2peak~ (ml/kg/min)           28.6 (± 9.0)                                            28.2 (± 9.6)
  Respiratory Exchange Ratio      1.19 (± 0.10)                                           1.20 (± 0.11)
  Rating of Perceived Exertion    18.2 (± 2.0)                                            16.4 (± 2.7)
  Leg Muscle Pain                 5.6 (± 3.3)                                             4.2 (± 1.6)
  Heart Rate (beats per minute)   159.0 (± 16.5) [^a^](#t002fn002){ref-type="table-fn"}   178.8 (± 6.8)
  Time to Fatigue (min)           11.7 (± 2.8)                                            13.1 (± 3.4)

ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome; SD, standard deviation

^a^ Significantly different from control (*p* \< 0.05)

Post-exertion Malaise {#sec013}
---------------------

Self-reported symptoms and effect sizes for selected symptom changes pre- to post-exercise for ME/CFS patients and controls are presented in [Table 3](#pone.0145453.t003){ref-type="table"}. For a complete detailed analysis of all symptoms pre- and post-exercise challenge please see Meyer et al \[[@pone.0145453.ref018]\]. For the doubly-multivariate repeated measures MANOVA, we compared symptom changes for fatigue (Fatigue VAS), pain (MPQ total) and confusion (POMS Confusion subscale) at three points post-exercise (immediate, 48-hrs, and 72-hrs). Results indicated a significant main effect of Time \[Wilks' Λ = 0.408; F(6,68) = 6.416; p = 0.000\] and a significant Group x Time interaction \[Wilks' Λ = 0.611; F(6,68) = 3.163; p = 0.009\], showing that symptoms were changing from pre- to post-exercise and that these changes were different between ME/CFS and control patients. Effect size calculations showed that ME/CFS patients had large changes in their symptoms of pain, fatigue, and confusion at various times post-exercise compared to controls.

10.1371/journal.pone.0145453.t003

###### Symptom Responses to Maximal Exercise for ME/CFS Patients (n = 10) and Healthy Controls (n = 10).

![](pone.0145453.t003){#pone.0145453.t003g}

                             Group Means (±SD)   Effect sizes (*d*) for change scores                                             
  ---------------- --------- ------------------- -------------------------------------- ------------- ------------- ------ ------ -------
  Fatigue VAS      ME/CFS    50.4 (23.3)         67.1 (15.0)                            59.5 (23.7)   57.3 (20.0)   0.25   0.91   0.96
                   Control   12.3 (12.7)         25.0 (14.5)                            7.9 (8.5)     4.1 (6.3)     \-     \-     \-
  MPQ Total        ME/CFS    6.9 (5.8)           10.2 (6.9)                             7.8 (6.1)     5.4 (4.5)     1.23   0.44   -0.31
                   Control   0.8 (1.1)           1.4 (1.1)                              0.6 (0.8)     0.2 (0.4)     \-     \-     \-
  POMS Confusion   ME/CFS    9.1 (3.6)           12.6 (3.9)                             11.3 (4.0)    11.1 (4.9)    1.26   0.85   1.16
                   Control   4.1 (3.3)           3.3 (3.1)                              3.7 (2.7)     2.4 (2.0)     \-     \-     \-

ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome; SD, standard deviation; VAS, visual analog scale; MPQ, McGill Pain Questionnaire; POMS, Profile of Mood States; Ex, exercise.

Microbiome Characteristics {#sec014}
--------------------------

A total of 406,880 high quality sequencing reads were generated with a median of 2,160 reads per specimen. The sequencing coverage at the genus level as estimated by Good's coverage mean index was 95% for sequence libraries from all individual blood and stool samples, indicating that each sequence dataset adequately captured the underlying biodiversity in the sample from which it was generated. The blood samples, as expected, yielded a lower number of bacterial sequences (n = 111,492; 1,394 per sample) than the stool samples (n = 295,388; 4,923 reads per sample).

Average relative abundances of the bacterial taxa observed in all blood and stool samples collected from patients and controls are shown in [Table 4](#pone.0145453.t004){ref-type="table"} with pooling for all time points. In blood samples, there was a lower relative abundance of *Bacteroidetes* and higher relative abundance of *Firmicutes* observed in ME/CFS patients than in healthy controls. In contrast, in the stool samples there was a higher relative abundance of *Bacteroidetes* and lower abundance of *Firmicutes* observed in ME/CFS patients compared to healthy controls. The relative abundance of *Actinobacteria* in the gut was significantly lower in ME/CFS patients than healthy controls by a Kolmogorov-Smirnov test (p = 0.007). However, differences were not found to be statistically significant for other bacterial taxa in the blood or stool samples using a non-parametric test to account for both prevalence and abundance \[[@pone.0145453.ref041]\].

10.1371/journal.pone.0145453.t004

###### Relative Abundance of Bacterial Phyla in Blood and Stool Samples from ME/CFS Patients and Health Controls.

![](pone.0145453.t004){#pone.0145453.t004g}

                     Blood Samples[^a^](#t004fn002){ref-type="table-fn"}   Stool Samples[^b^](#t004fn003){ref-type="table-fn"}                                                 
  ------------------ ----------------------------------------------------- ----------------------------------------------------- --------------------------------------------- --------
  *Actinobacteria*   10.52%                                                10.80%                                                0.58%[^c^](#t004fn004){ref-type="table-fn"}   1.06%
  *Bacteroidetes*    17.84%                                                22.38%                                                27.71%                                        22.43%
  *Firmicutes*       9.52%                                                 7.89%                                                 58.40%                                        65.29%
  Other              7.97%                                                 8.55%                                                 9.71%                                         9.11%
  *Proteobacteria*   54.14%                                                50.38%                                                3.59%                                         2.12%

ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome.

^a^ Mean relative abundance for 10 case and 10 control samples collected at baseline and 15 min, 48 hours, and 72 hours post-exercise challenge.

^b^ Mean relative abundance for 10 case and 10 control samples collected at baseline and 48 and 72 hours post-exercise challenge.

^c^ Significantly different from control (*p* \< 0.05)

Microbiome Response to Maximal Exercise {#sec015}
---------------------------------------

Changes in average relative abundances of bacterial taxa in stool samples were observed following maximal exercise testing and these changes were different in ME/CFS patients and healthy controls. The average relative abundance of 7 out of 9 major taxa increased in the stool in patients from baseline to 72 hours post-exercise compared to an increase in only 2 of the 9 major phyla/genera in healthy controls (p = 0.005) ([Fig 1](#pone.0145453.g001){ref-type="fig"}). In contrast to the ME/CFS patients, the relative abundance of most major phyla decreased at 72 h in the stool samples from healthy controls suggesting that the bacterial load in ME/CFS patients is preferentially enhanced during post-exertional malaise.

![Relative abundance of the major bacterial taxa in stool samples collected at baseline (0 hr) and 72 hr after exercise challenge in ME/CFS patients and healthy controls.](pone.0145453.g001){#pone.0145453.g001}

Given the high relative abundance of *Firmicutes* in stool samples, we further assessed the potential for translocation of organisms from this phylum into the bloodstream after exercise challenge. Differential changes in the relative abundance of *Firmicutes/Bacilli* organisms were observed in blood and stool samples over time ([Fig 2](#pone.0145453.g002){ref-type="fig"}). Of note is the significant increase in the relative abundance of *Bacilli* in blood samples collected from ME/CFS patients at the 48 hour time point. We also observed rapid changes in the relative abundances of the *Clostridium XIVa* and *IV* clusters, belonging to the phylum *Firmicutes*, in blood samples collected 15 min after maximal exercise from ME/CFS patients, but not healthy controls ([Fig 3](#pone.0145453.g003){ref-type="fig"}). We speculate that these bacteria may have translocated into the blood stream from the gut after the maximal exercise challenge. This phenomenon appears to be specific to particular taxa and more prominent in patients than controls.

![Changes in the relative abundance of *Firmicutes/Bacilli* in blood and stool samples before (0 hr) and after maximal exercise.](pone.0145453.g002){#pone.0145453.g002}

![Relative abundance of (A) *Firmicutes/Clostridia/.../LachnoXIVa* and (B) *Firmicutes/Clostridia/.../LachnoIV* in blood samples collected at baseline and 15 minutes after exercise challenge in ME/CFS patients and healthy controls.](pone.0145453.g003){#pone.0145453.g003}

Discussion {#sec016}
==========

Neuroinflammation and oxidative dysregulation have been shown to occur in patients with ME/CFS \[[@pone.0145453.ref005]\]. Although, differential intestinal microbiome characteristics have been described for ME/CFS patients and healthy controls \[[@pone.0145453.ref021]\] and systemic antibody responses to enteric bacteria have been associated with increased inflammation, worsening fatigue, and gastrointestinal symptoms \[[@pone.0145453.ref025],[@pone.0145453.ref026]\], the potential for transient changes in bacterial colonization in the gut and/or bloodstream to modulate symptomology has not been evaluated in ME/CFS patients. The evidence of altered intestinal microbiota and bacterial translocation into the bloodstream following exercise challenge in patients with ME/CFS is consistent with previous findings and provides novel evidence of systemic bacterial signal and exercise induced bacterial translocation---one potential explanation for the worsening of symptoms seen in patients when they attempt to become more physically active.

Over the last several years our understanding of how alterations in the human microbiome influence health and disease has increased considerably \[[@pone.0145453.ref042],[@pone.0145453.ref043]\]. Murine models suggest that the gut microbiota could contribute to leanness, obesity, stress, and emotional behavior through endocrine and neuroendocrine pathways \[[@pone.0145453.ref044]\] and considerable evidence suggests similar effects in humans via effects on host immunity and metabolism \[[@pone.0145453.ref045],[@pone.0145453.ref046]\]. The differences in the relative abundance of bacteria making up the intestinal microbiome noted in the present study are consistent with those previously reported in the literature \[[@pone.0145453.ref021]\]. Although no "typical" enterotype has been defined to date, reports of dysbiosis in patients with ME/CFS in Norway and Belgium are consistent with the changes in relative abundance of *Firmicutes* and *Bacteroidetes* observed here \[[@pone.0145453.ref021]\].

Perhaps more important than confirmation of intestinal dysbiosis in the context of ME/CFS is the evidence of temporal changes in microbiome composition following maximal exercise challenge and the novel finding of bacterial signal in the bloodstream of both ME/CFS patients and healthy controls occurring concomitantly with symptom exacerbation. This finding is consistent with the systemic response to enteric microorganisms reported by Maes et al in a number of reports and demonstration of correlation between this systemic response and pathological ME/CFS processes and symptoms, including higher serum IL-1, TNFα, and neopterin levels, autoimmune responses to serotonin, and increased symptoms of irritable bowel syndrome \[[@pone.0145453.ref009],[@pone.0145453.ref023]--[@pone.0145453.ref026]\]. In the present study, changes in microbiome and bacterial measures were accompanied by large changes in fatigue, pain, and confusion in ME/CFS patients. Such exercise-induced changes in the microbiome are consistent with the changes described above and additional recent reports of altered immune response to exercise in patients with ME/CFS, while also providing a plausible mechanistic explanation for such alterations \[[@pone.0145453.ref019]\].

Although intestinal microbiome composition is known to change over time with development and aging as well as in response to dietary changes, temporal examination of the human intestinal microbiome generally spans weeks, months, or even years to assess evidence of an intervention's effect. The notion that exercise might influence gut microbiota composition has been described in both animal and human models \[[@pone.0145453.ref047]--[@pone.0145453.ref051]\]. The evidence presented here suggests that not only does physical activity influence gut microbiota composition, but that the temporal effects of such physical activity may manifest differently in healthy and diseased individuals. These changes are one potential explanation for why acute exercise may make some individuals with ME/CFS sicker.

Blood is generally considered sterile, although evidence of transient, asymptomatic bacteremia has been reported following dental extraction \[[@pone.0145453.ref052]\] and intestinal insult \[[@pone.0145453.ref053]\]. In the context of ME/CFS, systemic responses to gut microorganisms suggest that bacterial translocation across the intestinal barrier may also occur as part of this disease \[[@pone.0145453.ref009],[@pone.0145453.ref023]--[@pone.0145453.ref026]\]. The notion that exercise may also result in translocation of bacteria across the intestinal barrier is particularly interesting, especially in the case of ME/CFS where post-exertional malaise can be a key characteristic of the disease. Following maximal exercise testing, we detected bacterial signal in blood samples from both ME/CFS patients and healthy controls. Consistent with differences in the intestinal microbiomes between the two groups, we noted an increased relative abundance of *Firmicutes*, particularly those from *Clostridium* clusters *XIVa* and *IV*, in blood samples from ME/CFS patients at 15 minutes post-exercise challenge. *In vitro* functional studies will be able to address this observation better. However, we speculate that some members of Firmicutes and Bacilli because of their stronger cell walls and inherent ability to survive in harsher environmental conditions may have contributed to it surviving longer in bloodstream. Further investigation of the potential for transient translocation of intestinal microorganisms into the bloodstream following exercise and how the dysbiosis characteristic of certain disease states, such as ME/CFS, might influence this translocation may provide considerable insight into how the microbiome influences disease symptoms.

Evidence for altered intestinal permeability in patients with ME/CFS has been mounting \[[@pone.0145453.ref009]\] and preliminary studies suggest that treatments designed to modulate the gut microbiota or enhance intestinal barrier function may be able to improve ME/CFS symptoms \[[@pone.0145453.ref024],[@pone.0145453.ref054]--[@pone.0145453.ref056]\]. Our ability to detect changes in intestinal microbiome composition over time and to observe what appears to be transient bacterial translocation from the gut into the bloodstream following exercise challenge may provide a protocol for testing future treatments designed to alter these outcomes and to determine whether this is the mechanism of action for such treatments. Treatment paradigms that have been tested with some success for other chronic, inflammatory, non-communicable diseases thought to be related to intestinal dysbiosis include probiotics, prebiotics, dietary fiber, and fecal microbiotia transplantation \[[@pone.0145453.ref046],[@pone.0145453.ref057]\]. Similar trials in ME/CFS patients may benefit from temporal monitoring for bacterial signal in both the gastrointestinal tract and bloodstream.

Proper diagnosis of ME/CFS is a very involved and thorough process. One of the strengths of this study was that clinicians with expertise in diagnosing ME/CFS were engaged in identifying both patients and controls from a cohort of more than 100 possible patients. Identified patients were included only after examining results of screening blood tests to rule out any major comorbid conditions that could explain the ME/CFS symptoms and controls were carefully selected for matching based on age, gender, BMI, and self-reported general activity patterns. However, given that this was a small pilot study with only 10 patients and 10 controls it was not possible to control for all potential confounders, including the broad age range of participants, historical use of medications and supplements (e.g. pain killers, antioxidants), and additional medical diagnoses (e.g. depression, gastrointestinal symptoms, allergies). While the careful selection process allowed for high quality case and control populations, the study sample size was small and as such, many observations failed to rise to the level of statistical significance. Additionally, the small sample size precluded us from directly examining the associations between symptoms and changes to the gut and plasma microbiome. Given these limitations, findings must be interpreted with caution. An increase in sample size would help us to better assess clinically relevant observations. However, even this relatively small study points to important temporal differences in intestinal microbiome composition and transient bacteremia that will inform future larger studies designed to understand how these differences relate to ME/CFS etiology and/or symptomology. Another study limitation was in the depth of microbiome sequencing. Our approach did satisfy the Good's coverage index of \>0.95, but additional deep sequencing of the samples already collected would likely increase the statistical power to detect significant changes in the rarer bacterial taxa.

We are still a long way from fully understanding how the intestinal microbiota impacts etiology and symptomology in ME/CFS, but the evidence presented here and elsewhere suggests that changes in gut microbiome are associated with this disease. Here, we present additional evidence to support the idea that temporal changes in microbial composition in the gut and translocation of gut microbes into the bloodstream may influence the symptoms of ME/CFS. Future studies of ME/CFS etiology and treatment approaches should incorporate temporal microbial analyses to further elucidate this interesting finding.
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